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Aim To investigate possible interactions between genetic variants in glucose transporter type 9 (SLC2A9) gene and dietary habits in serum uric acid regulation.
Methods Participants for this study were recruited from two isolated Croatian island communities of Vis (n = 918) and Korčula (n = 898). Three single nucleotide polymorphisms (SNP) from the SLC2A9 gene (rs1014290, rs6449213, rs737267) were correlated with dietary habits and uric acid.
Results A significant decrease in uric acid levels was recorded with increasing consumption of milk, sour cream, duck and turkey, and eggs. The only significant interaction was found between potato consumption and rs737267 and a near-significant interaction was found between soft drinks and rs1014290 (interaction P = 0.068). Increased consumption of soft drinks interacting with the TT genotype at rs1014290 increased serum uric acid. No significant interactions were observed between food products consumption and rs6449213.
Conclusion
There is a certain extent of interaction between SLC2A9 and dietary patterns in serum uric acid determination. The metabolic effect of soft drinks seems to be determined by the underlying genotype of rs1014290. Gout is a disorder of purine metabolism that presents as inflammatory arthritis caused by urate crystallizing in joints following chronic hyperuricemia. It affects 1%-2% of the adult population in the Western world, especially elderly men. Diet and, more recently, genetic polymorphisms have been recognized as the most important factors causatively associated with serum uric acid levels and gout (1) . High protein intake and purine-rich products, like meat and seafood, have been known to increase serum uric acid and the risk of gout, while vegetables rich in purine content showed no effect (2) . On the other hand, the protective effect of certain foods has been identified. For example, dairy products, vitamin C, and coffee have been reported to decrease serum uric acid and prevalence of gout (1) .
Serum urate concentration is a highly variable trait among humans. It is greatly affected by environmental factors (diet), but shows high heritability of about 60% (3). Not surprisingly, genome-wide association studies identified genetic polymorphisms that substantially affect urate concentrations and gout. Polymorphisms in a transporter gene GLUT9 (SLC2A9) have been shown to explain 1.7%-5.3% of the variance in serum uric acid concentration (4, 5) . Recently, polymorphisms in 3 additional genes, URAT1 (SLC22CA12), ABCG2, and SLC17A3, have also been associated with uric acid concentrations and the risk of gout (6-8).
SLC2A9 was first described as a glucose transporter and only later as a urate transporter. The study investigating whether glucose or fructose influenced urate transport in African clawed frog oocytes (Xenopus laevis) demonstrated that SLC2A9-mediated urate transport was facilitated by glucose and, to a lesser extent, fructose (9) . We wanted to investigate if we could observe the same effect in vivo in humans and whether diet in general had a different impact on serum uric acid depending on the genetic background of an individual. To our knowledge, this is the first study on uric acid and gout that investigates genotypeenvironment interaction, more specifically, the interaction between previously reported genetic polymorphisms in the SLC2A9 gene and diet in humans.
MateRIaLs anD MethoDs samples
In the total sample of 1822 individuals, 924 were recruited on the island of Vis, Croatia, in 2002 and 2003, and 898 participants on the island of Korčula, Croatia, in 2006 and 2007 (10-13) . There were 1109 women and 713 men (60% women), with mean age of 56 years (age range: 18-98 years). In both of these isolated communities genetic and environment specificities were found (12, (14) (15) (16) (17) (18) (19) (20) (21) , which gave rise to a number of interesting research findings (4, (22) (23) (24) (25) (26) (27) (28) ).
All participants gave written informed consent. The Vis and Korčula studies were approved by the Ethics Committee of the University of Zagreb Medical School and the MultiCentre Research Ethics Committee for Scotland.
Body and biochemical measures
For all participants, height and weight were recorded and body-mass index (BMI) was calculated as weight (kg) divided by squared height (m 2 ). Uric acid was measured as a part of classical biochemistry analysis and was available for 1732 individuals in our sample (29) .
Food intake
All participants filled in a detailed food frequency questionnaire, developed for the specific purposes of this study. The questionnaire enquired about the habit of consumption for 50 different food products (Table 1 ) and the con- sumption frequency was first recorded as daily, 2-3 times per week, once per week, rarely, and never. In the subsequent analysis, original categorical variables were replaced by values 30, 10, 4, 1, and 0, respectively, to reflect the monthly frequency of intake for a given product. No information was available on the serving size of consumed food products.
The intake frequencies of food products from the same group were combined to create group totals: "Dairy total" (milk, yoghurt, sour cream, cottage cheese, and hard cheese); "Carbs Total" (for food rich in carbohydrates, including white and brown bread, muesli, pasta, and rice); "Deserts Total" (cakes, chocolate, biscuits, candies, or jam); "Vegetable Total" (all vegetables); "Fish Total" for all fish; and "Meat Total" for all meat products.
The maximum frequency of consumption for any individual food product was 30 (the attributed value if the product was consumed daily). However, for derived variables that summed the frequencies of all products from the same group the score could be much higher.
When we analyzed the effect of soft drinks, the intake was recoded as "low" for never, "medium" for rarely and once a week, and "high" for daily consumption or consumption 2-3 times a week.
Genotyping
The genotype results from genome-wide SNP array typing were available. DNA samples were genotyped according to the manufacturer's instructions on Illumina Infinium HumanHap 300 v1 for Vis and 370CNV for Korčula sample (Illumina Inc., San Diego, CA, USA). Genotypes were determined using Illumina BeadStudio software. Samples with a call rate below 97% were excluded from the analysis. We analyzed 3 SNPs in SLC2A9 gene (chromosome 4p16.1) previously reported for strong association with uric acid levels: rs1014290, rs6449213, and rs737267 (4). Genotypes for 3 SNPs of interest were extracted from the original data set and used in the subsequent analysis.
statistical analysis
Descriptive statistics was performed using R (http://www. r-project.org) and Excel. The analysis and management of the genetic data was done with R and GenABEL package in R (30). Polygenic function in GenABEL implements a linear mixed effects model, where the relatedness structure of the samples is modeled as random effects, and the residuals are adjusted for relatedness. A simple regression was done with uric acid residuals from polygenic model adjusted for age and sex as the outcome, to test the effect of different food products and groups of products and 3 selected SNPs (rs1014290, rs6449213, and rs737267) on serum uric acid. Next, we investigated if there was any interaction between polymorphisms in the newly identified urate transporter gene (SLC2A9) and diet, each previously described to affect uric acid levels. In each model, the outcome variables were uric acid residuals from the polygenic model and the explanatory variables were BMI, intake frequency of a given food product, genotype at a chosen SNP locus, and their interaction (SNP*food product). A total of 56 models were tested, 50 models for the individual food products and another 6 models for derived food categories (dairy, fish, meat, vegetables, carbohydrates, and sweets). Statistical significance and the effect estimate of a food product, the selected SNP, and their interaction in the linear regression model were assessed.
ResuLts
Genotyping data were available for 1816 individuals. Minor allele frequencies for rs1014290, rs6449213, and rs737267 were 26.07, 20.69, and 25.37%, respectively. Genotype and allele frequencies are presented in Table 2 . For all 3 investigated SNPs, the minor allele was associated with the decrease in serum uric acid levels.
Food frequency data were available for 1755 participants (97.7%). Mean total dairy products consumption, expressed as portions/mo (±standard deviation) was 38.5 ± 25.8, for meat products 35.1 ± 20.0, for fish products Table 3 .
The individuals who consumed dairy products more often (values above the mean consumption) had lower mean uric acid levels than those who consumed dairy products less often (below the mean) (5.00 vs 5.14 mg/dL) but the difference was not significant (P = 0.07). Individuals with above-the-mean deserts intake had significantly lower uric acid levels than those with below-the-mean intake (4.95 vs 5.15; P = 0.031).
For the food products tested, we observed a significant decrease in uric acid levels with increasing consumption of milk, sour cream, duck and turkey, pork, salted fish, eggs, and coffee, while significant increase in uric acid levels was observed with increasing consumption of veil, sausages, and tea. As expected, the 3 selected SNPs were confirmed to significantly affect serum uric acid.
The only significant interaction was found between potato consumption and rs737267 (P = 0.046); but suggestive interactions were observed with the other 2 tested SNPs, rs1014290 and rs6449213 (P = 0.083 and P = 0.141, respectively).
The other interaction close to the nominal significance threshold of P = 0.05 was the one between soft drinks (consumption levels: low, medium, and high) and rs1014290, where the interaction P was 0.068 (Table 4) . No significant interaction was observed between food products consumption frequency and rs6449213.
The observed interaction between rs1014290 and soft drinks was investigated further and showed that, while increased consumption of soft drinks slightly lowered serum uric acid levels in individuals with CC and CT genotype, in individuals with TT genotype, the group with highest soft drinks intake had the highest levels of uric acid (Figure 1 ).
DIsCussIon
To our knowledge, this is the first study investigating the genotype-environment interaction between diet and identified genetic polymorphisms in SLC2A9 associated with serum uric acid level. One near-significant interaction shown to affect serum uric acid level was the one between soft drinks and SLC2A9 polymorphism rs1014290, but since the P value did not reach the nominal significance threshold of 0.05, the null hypothesis of no interaction cannot be rejected. The only significant interaction was found between potato consumption and rs737267. We could not find literature data to clarify this interaction. No other interactions between a food product (or a group of products) with the genotype at the 3 selected loci showed a significant effect on uric acid.
The increasing consumption of soft drinks increased serum uric acid in the interaction with TT genotype at rs1014290, however, it also decreased serum uric acid in homozygotes for the minor allele (CC) and almost no effect could be noted in heterozygotes (CT). This shows that the metabolic effect of soft drinks at this locus is determined by the underlying genotype. The interaction between soft drinks and rs6449213 and rs737267 showed the same pattern, but these results were not significant (data not shown).
Soft drinks with added sugar (sucrose, glucose, or fructose) are strongly associated with gout risk (31) and both glucose and fructose have been shown to facilitate SLC2A9-mediated urate transport (9) . Moreover, SLC2A9 has been shown to exchange extracellular glucose for intracellular urate, which occurs in renal tubules where urate is to be excreted and glucose reabsorbed from the tubules. However, we found the opposite effect depending on rs1014290 genotype, namely in TT homozygotes.
Since no interaction was observed, it could mean that serum uric acid is simply, in the additive manner, the result of urate influx from the metabolism and the genetically modified transporter capacity. The observed interaction with glucose and fructose might suggest that the identified polymorphisms in SLC2A9 primarily affect protein domains concerning fructose transport, which is only consequentially reflected to uric acid levels because SL-C2A9 exchanges glucose for urate. If polymorphisms affected binding or transport of urate, there is no reason to expect anything other than an additive effect of genotype-modified transporter capacity and uric acid levels of an individual. Figure 1 .
the effect of soft drinks consumption on serum uric acid levels depending on the genotype at rs1014290 is shown. While inverse association is observed for CC genotype (increasing consumption being associated with the decreasing serum uric acid), the opposite is observed for tt genotype (increasing consumption of soft drinks is associated with the increase in serum uric acid).
This newly recognized effect of genotype on metabolic response to soft drinks could prove important in dietary recommendation and for the understanding of gout, diabetes type 2, and metabolic syndrome. It is possible that we failed to recognize other food products with the similar interaction effect on serum uric acid due to the incompleteness of our data; since we relied only on consumption frequency, we lack the important information on the amount of consumed products. More accurate answers could be provided by studies that would calculate the total daily intake for every dietary compound, eg, daily purines, glucose, and fructose consumption.
It is very difficult to obtain accurate diet measurements in free-living participants. Some overestimation of "healthy foods" might be expected, as has been reported for dairy products (32) . Our data were based on a questionnaire recording the consumption frequency, rather than portion sizes. If a participant consumes a food item daily, it cannot be determined if they consume it one or more times a day.
We confirmed the associations between diet and serum uric acid found in previous studies. Our finding that consumption of milk and sour cream, and the overall consumption of dairy products, decreased serum uric acid levels was previously described by other researchers (1,2). We also observed significant association between coffee consumption and decreasing levels of uric acid. Such association was described in detail in a study that compared individuals who took 4 or 5 cups of coffee a day with those who did not drink coffee at all (2) . The lack of stronger statistical evidence in our study could be due to the fact that we did not have the information about the amount of coffee taken, and therefore could not differentiate further in the category of "daily" consumption.
Interestingly, the same study investigated the effect of tea on uric acid level but found no association (2), while we observed the increasing levels of uric acid with increasing tea consumption. This effect may be relatively specific for the populations we tested and caused by a particular tea commonly drank in the islands of Vis and Korčula. It is likely that different sorts of tea can affect serum uric acid in different ways.
Although a positive association between meat intake and gout has been described before, we did not observe a significant difference in uric acid levels between the groups with the highest and lowest overall meat intake. The individuals in high meat consumption category were younger (mean age 50.7 vs 60.1 years), which could have diminished the difference between the groups because uric acid is known to increase with age. Of the individual meat products, consumption of veal and sausages significantly increased uric acid levels, while consumption of duck, turkey, pork, salted fish, and eggs decreased uric acid levels.
Higher frequency of consumption of bread, pasta, and rice was associated with lower uric acid levels although not significantly; however, the inverse association with bread consumption has been reported previously (33) .
This study was performed in two isolated island populations. Although certain benefits of such setting are well recognized (12, 16, 19, (34) (35) (36) (37) (38) (39) , it also has some shortcomings, primarily the possibility that the results might not be representative for other populations (40) . Furthermore, in our study there is a lack of information on the number of food products consumed to compliment the available data on frequency of consumption. Although more detailed dietary data might further clarify diet-genotype interactions, we find our dietary data reliable since we replicated some of the previously reported effects of diet on serum uric acid. Some of the reported P values did not exceed the nominal significance level and the null-hypothesis of no interaction cannot be excluded.
Our study is, to the best of our knowledge, the first to investigate the interaction between diet and genetic polymorphisms and our findings provide new insights into uric acid excretion and emphasize the importance of other molecules, like glucose and fructose, for the serum uric acid and gout. New evidence about the intertwining of urate and simple sugars metabolism might prove important in understanding the connection between the elevated serum uric acid concentration and metabolic syndrome. 
